The fungal pathogen Candida albicans colonizes basically all human epithelial surfaces, including the skin. Under certain conditions, such as immunosuppression, invasion of the epithelia occurs. Not much is known about defense mechanisms against C. albicans in subepithelial layers such as the dermis. Using immune cell-supplemented 3D skin models we defined a new role for fibroblasts in the dermis and identified a minimal set of cell types for skin protection against C. albicans invasion. Dual RNA sequencing of individual host cell populations and C. albicans revealed that dermal invasion is directly impeded by dermal fibroblasts. They are able to integrate signals from the pathogen and CD4 + T cells and shift toward an antimicrobial phenotype with broad specificity that is dependent on Toll-like receptor 2 and interleukin 1β. These results highlight a central function of dermal fibroblasts for skin protection, opening new possibilities for treatment of infectious diseases.
As a commensal pathogen, Candida albicans colonizes human epithelial surfaces such as the oral and vaginal mucosa, the intestine, and the skin, usually without causing disease. Temporary superficial infections of the vaginal mucosa is common and experienced at least once by up to 75% of women [1] . Moreover, under conditions of immunosuppression, patients suffer from recurrent infections at multiple sites [2] [3] [4] [5] , highlighting the requirement of a functional immune system for keeping C. albicans in a nonpathogenic state. Traversal of epithelial barriers is a critical process of pathogenesis because it may grant the fungus access to the blood stream. The barrier function of epithelial surfaces is, therefore, essential for protection against systemic candidiasis. It has been shown that this barrier function against C. albicans invasion is dependent on various cell types and involves cross-talk between epithelial cells, neutrophil granulocytes, Th17 cells, and γδ T cells and varies between different sites of infection [2, [6] [7] [8] . Keratinocytes can directly react to C. albicans with Toll-like receptor 2 (TLR2)-dependent expression of antimicrobial peptides such as β-defensins and LL-37 [9] . Moreover, upon release of inflammatory mediators by epithelial cells, neutrophils are recruited early to the site of fungal penetration where they promote fungal killing, directly and indirectly [10] . For example, it was shown that neutrophils induce upregulation of the pattern recognition receptor (PRR) Toll-like receptor 4 in oral epithelial cells through tumor necrosis factor α (TNFα), potentiating fungal recognition and tissue protection [6] . On the other hand, Th17 cells were shown to protect oral epithelial cells against C. albicans invasion independently of neutrophils. Secretion of interleukin by these cells leads to the induction of antimicrobial peptides and fungal clearance [7] . If the epithelial barrier is breached, access of the pathogen to the blood stream may in principle be granted in the subepithelial tissue. Nevertheless, although C. albicans colonizes human skin as a commensal organism, systemic dissemination does not normally originate from skin barrier crossing, even in immunocompromised individuals with recurrent mucocutaneous candidiasis [11, 12] . This highlights that efficient defense mechanisms at the level of the dermis may account for pathogen clearance. Such mechanisms are, however, currently not well described. It has been shown that CD301b + dermal dendritic cells recognize C. albicans in subepithelial tissue and induce a Th1 response, which also involves macrophages, that is protective against systemic infection [2, 5, 13] . We show that, in addition to keratinocytes and immune cells, dermal fibroblasts play a critical role in antimicrobial defense.
provided by Anne Puel [16] . Ker-CT immortalized human keratinocytes were obtained from American Type Culture Collection [17] . NIH3T3-SEAP-TLR2/1 and NIH3T3-SEAP-TLR2/6 were described previously [18] . Naive CD4 + T cells were isolated by negative selection from peripheral blood mononuclear cells (PBMCs) purified from buffy coat from voluntary male donors. Informed consent was given by donors of human blood. For infections, C. albicans strain SC5314 [19] was used. See the Supplementary Methods for additional information.
3D Tissue Culture
The 3D skin equivalents were grown by first seeding fibroblasts in a collagen matrix in trans-well cell-culture inserts and subsequently seeding keratinocytes on top [20] . After 10 days of culture at the air-liquid interface, PBMCs or CD4 + T cells were embedded in collagen and placed underneath the tissue model. See the Supplementary Methods for additional information.
Infection of 3D Skin Models
Skin models were infected with 100 colony-forming units of a C. albicans culture overnight. For RNA sequencing, cell layers were separated 24 hours after infection and frozen down in liquid nitrogen. For histology and infection quantification, samples were fixed in Bouins solution for 12 hours-6 days after infection. See the Supplementary Methods for additional information.
Histology and Immunohistochemistry
For histological analysis and immunostaining, 3-µm tissue sections were prepared and deparaffinized. Sections were stained with Mayer's Hemalaum (Merck) for 8 minutes and Eosin (Fluka) for 1 minute according to a standard HE procedure. Candida albicans was visualized by a periodic acid Schiff (PAS) staining procedure as described previously [21] . See the Supplementary Methods for additional information.
Invasion Quantification
Candida albicans dermal invasion was quantified by measuring the infected dermal area and the total dermal area of HE-or periodic acid Schiff-stained tissue sections using ImageJ [22] . Depth of dermal invasion was then calculated as the ratio of infected and total area and shown as box plots indicating the median and the 25% and 75% quartiles of several images of up to 3 individual models. Individual data points representing each image are additionally shown as dots. Red green and blue dot colors refer to the model from which the image originates. For statistical analysis, the 2-tailed Wilcoxon-Mann-Whitney U test was used. This readout was validated with models treated with 4 µg/mL of the antifungal fluconazole to block invasion at different time points.
RNA Sequencing and Analysis of Sequencing Data
For differential gene expression analysis, total RNA was isolated from individual host-cell populations of skin models and C. albicans. mRNA was isolated and library preparation was done using the TruSeq RNA Sample Preparation Kit v2 (Illumina). All sequencing experiments were done with 3 independent tissue models per group. Sets of differentially expressed genes (false discovery rate < 0.05) were functionally analyzed by Ingenuity pathway analysis (IPA) for human genes and by GO term enrichment analysis for C. albicans genes.
The raw data discussed in this article have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus [23] and are accessible through GEO Series accession number GSE86926 (https://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc=GSE86926). See the Supplementary Methods for additional information.
Pathogen-associated Molecular Pattern Assay
The principle of the NF-кB reporter gene assay has been described previously [18] . It relies on photometric activity measurement of the reporter gene-secreted alkaline phosphatase (SEAP) in the cell-culture supernatant of human skin models or cells grown in a 96-well plate format. See the Supplementary Methods for additional information.
Western Blot
Expression of interleukin 1β (IL-1β) was detected by Western blot using the iBlot 2 system and a rabbit-derived primary antibody (1030A5.138; Novus). See the Supplementary Methods for additional information.
Enzyme-Linked Immunosorbent Assay
Interleukin 1β, CXCL9, CXCL10, and CXCL11 in cell-culture medium was measured by enzyme-linked immunosorbent assay (ELISA). See the Supplementary Methods for additional information.
Caspase-1 Activity Assay
Caspase-1 activity in cell culture supernatants was measured using the Caspase-Glo 1 Inflammasome Assay (Promeg). See the Supplementary Methods for additional information.
RESULTS

Response of Keratinocytes and Fibroblasts to Candida albicans Invasion
To identify the minimal requirements for dermal protection against C. albicans, we used several variants of 3D tissue models of the skin. Interestingly, we could generate a skin model significantly protected against Candida invasion using only 3 cell types: human keratinocytes, dermal fibroblasts embedded in a collagen matrix (Supplementary Figure 1A and 1B) , and component CD4 + T cells. In contrast with what is known for natural human skin, models containing only dermal fibroblasts and keratinocytes are highly permissive to deep C. albicans invasion (Supplementary Figure 1C) . Transcriptional profiling of infected and uninfected 3D tissue models containing only fibroblasts and keratinocytes revealed, after separation of epidermal and dermal compartments (Supplementary Figure 1D) , that keratinocytes react strongly to C. albicans infection, with upregulation of 70 genes ( Figure 1A ; Supplementary Figure  1E ; Supplementary Table 1) . However, this is not sufficient to block invasion. In fibroblasts, expression of only 18 genes, most of which were predicted by IPA to be regulated by the transcription factor AP-1, were significantly induced with a log fold change of at least 1.5 ( Figure 1A; Supplementary Figure 1F ; Supplementary Table 1 ). In keratinocytes and fibroblasts, only 2 and 3 genes, respectively, were downregulated upon infection. As predicted by IPA, transcriptional changes in both cell types were predominantly related to an inflammatory response and chemotaxis of immune cells ( Figure 1B and 1C) . Whereas in keratinocytes, for example, the metal ion-sequestering antimicrobial peptides S100A8 and S100A9 were strongly expressed already in steady-state conditions, there was no indication of a direct fibroblast-derived defense response that may restrict fungal invasion (Supplementary Figure 1G) . Differential expression analysis of fungal genes in dermal and epidermal compartments (Supplementary Figure 1H) further revealed that, once in the dermis, C. albicans downregulates genes involved in a stress response, such as the glucose-6-phosphate dehydrogenase ZWF1, and nutrient and metal ion restriction, including ZRT1 and PRA1, which were recently shown to act together in zinc sequestration [24] . In contrast, genes related to glucose transport and glycolysis, such as HGTs 1, 2, 6, 7, 12 , and 19 and HXK2, are induced, further indicating that the pathogen does not encounter a defense response in the dermal part of this 2-component skin model ( Figure 1D ; Supplementary Table 2) .
Antimicrobial Response of Fibroblasts in the Presence of CD4 + T Cells and
Candida albicans
Several genes upregulated in keratinocytes and fibroblasts upon infection were related to attraction and differentiation of immune cell subsets, including CD4 + T cells (Figure 2A) . To analyze the effect of attracted immune cells, we tested for a role of blood components in dermal protection against C. albicans invasion. Indeed, whole blood provided basolaterally to the tissue culture medium significantly reduced dermal invasion. The same effect could be observed by integration of isolated PBMCs in a gel-layer placed below the dermal layer (basolaterally) ( Figure 2B ). For more robust analysis of this phenotype, we developed a readout for the depth of invasion based on image quantification ( Supplementary Figure 2A) , which confirmed a significant reduction of C. albicans invasion in the presence of human blood or PBMCs ( Figure 2C ). Efficient protection was already achieved by adding only CD4 + T cells isolated from human blood and activated before integration ( Figure 2D) . Interestingly, we could show that keratinocytes were dispensable for the protective effect observed (Supplementary Figure  2B) . Therefore we concluded that fibroblasts may be directly involved in this process. Indeed transcription profiles of fibroblasts from infected skin models changed drastically in the presence of CD4 + T cells, with 256 genes being significantly induced and 38 genes downregulated at a log fold change of at least 1.5 ( Supplementary Figure 2C and 2D; Supplemetnary Table 3 ). Analysis of single nucleotide polymorphisms (SNPs) in mitochondrial sequences and selected genomic regions showed that cross-contamination of fibroblasts with keratinocyte-or T cell-derived RNA was minor or absent, respectively (Supplementary Figure 2E) . Further analysis of the differential expression profiles by IPA revealed that this transcriptional reprogramming of dermal fibroblasts resulted not only in general upregulation of innate immune mechanisms such as inflammation but also in a direct antimicrobial response ( Figure 3A and 3B ). Among the strongest upregulated genes were the 3 chemokines CXCL9, CXCL10, and CXCL11 ( Figure  3B ), which were shown previously to exert direct antimicrobial activity [25] . Upregulation of these chemokines was confirmed by ELISA ( Figure 3C ). Interestingly, particularly for CXCL10, which was the highest expressed, direct activity against C. albicans has been shown [26] . Even though the precise nature of chemokine antimicrobial activity is not known, there may be similarities to β-defensins [25, 27] , some of which-namely HBD1, 2, and 3-are known antifungal peptides [28, 29] . Moreover, we could observe strong upregulation of the guanylate binding protein GBP2, which is involved in killing of the bacterial pathogens Chlamydia trachomatis and Francisella novicida and the parasite Toxoplasma gondii by different mechanisms [30] [31] [32] , as well as a set of interferon-stimulated antiviral genes, including OAS1, MX1, MX2 and ISG15 ( Figure  3B) . Hence, the fibroblast-derived antimicrobial response was not specific to fungal infection but targeted toward a broad spectrum of pathogens ( Figure 3B ).
The dual RNA-sequencing approach allowed us to analyze the fungal reaction to the fibroblast response in the presence of CD4 + T cells. Candida albicans in the dermis of T cell-supplemented skin models showed significant overexpression of genes related to changes in metabolism, including an upregulation of SIT1 and CFL1, which are involved in iron capturing, and the glyoxylate cycle-related genes ICL1 and MLS1 ( Figure 3D; Supplementary Figure 2F ; Supplementary Table 4) . Additionally, genes involved in the response to stress, such as the 2-component system response regulator SRR1 and the carbonic anhydrase NCE103, are induced as well (Supplementary Table 4 ). Overall, this reaction is reminiscent of C. albicans encountering macrophages [33] , confirming that the pathogen experiences antimicrobial stress in the dermis of CD4 + T cellsupplemented skin models. Functions related to infectious diseases and an inflammatory response are highlighted by a green and red box, respectively. B, Gene networks predicted to reduce infectious diseases based on IPA. Up-and downregulated genes are colored in red and green, respectively. Predicted downregulated functions are shown in blue. Blue lines show consistent connections, and yellow lines show connections not supporting the IPA prediction. Gray lines show connections with unpredictable outcome. Threshold: average log2FC of biological triplicates < −1 or > 1, and genes with log2FC < −1.5 or > 1.5 are underlined. C, Quantification of CXCL9, CXCL10, and CXCL11 in the culture medium of infected skin models in the absence or presence of CD4 + T cells by enzyme-linked immunosorbent assay. Bars represent the mean and standard deviation of 3 independent skin models. Significant differences (2-tailed student t test): ** (P < .01), *** (P < .001), and **** (P < .0001). D, Differential expression analysis of C. albicans genes of fungi present in the dermis of skin models with or without CD4 + T cells. Significantly upregulated functions in the presence of T cells based on GO-term enrichment analysis are colored in orange, and upregulated genes belonging to these functions are shown in red. Threshold: average log2FC < −1 or > 1 and log2CPM > 1.5. Abbreviations: GO, gene ontology; Inf, infected; T, T cell.
Role of Toll-like Receptor 2 in Fibroblast Activation
Interleukin 17 and interleukin 22 (IL-22) produced by Th17 cells have previously been shown to be critically involved in epithelial defense against C. albicans invasion [34, 35] , and genetic deficiencies in IL-17 signaling have been found in patients with chronic mucocutaneous candidiasis [36] . Addition of either IL-17A or IL-22 to skin models without CD4 + T cells did, however, not result in significant dermal protection (Supplementary Figure 3A) . Blocking of IL-17RA partially reverted CD4 + T cell-mediated protection of skin models (Supplementary Figure 3B) but had no effect on induction of CXCL9, CXCL10, and CXCL11 in the presence of CD4 + T cells as shown by ELISA (Supplementary Figure 3C) . To identify the signaling pathways that lead to fibroblast reprogramming toward an antimicrobial phenotype, potential upstream regulatory networks were analyzed by IPA. This analysis revealed that, besides TNF-and interferon-signaling pathways, activation of Toll-like receptors (TLRs) or interleukin 1 receptors (IL1Rs) and subsequent NF-кB-dependent gene expression were most likely responsible for the observed changes ( Figure 4A ). Because NF-кB activation through TLRs and IL-1Rs is dependent on the protein kinase Irak4 [16, 37] , we tested whether dermal protection is inefficient with fibroblasts from an Irak4-deficient patient [16] . As shown in Figure 4B , integration of Irak4-deficient fibroblasts into skin models resulted in a loss of protection against C. albicans invasion, showing that TLR/IL1R signal transduction is critical for this function. Toll-like receptor 2 was the most highly expressed TLR in dermal fibroblasts and upregulated during infection in the presence of CD4 + T cells at the RNA level ( Figure 4C) , and its expression in fibroblasts in the dermal compartment could be confirmed by immunostaining ( Figure 4D ). Moreover, polymorphisms in this receptor have been associated previously with increased susceptibility to recurrent vulvovaginal candidiasis [4] . o-Vanillin has been shown recently to specifically inhibit TLR2 signaling [38] , and using TLR2/TLR1 and TLR2/TLR6 expressing NIH3T3 reporter cells for NF-кB activation [18] , we could confirm concentration-dependent inhibition of the signal activated through the synthetic TLR2 ligand Pam 3 CysSK 4 ( Figure 5A ). As shown in Figure 5B and Supplementary Figure 3D , inhibition of TLR2 signaling by o-vanillin or knock down of the receptor in fibroblasts reverted the protective effect observed in the presence of T cells. This confirms that the pathogen-derived signal leading to dermal protection by fibroblasts is mediated by TLR2. Toll-like receptor 2 activation alone was, however, not sufficient to drive NF-кB-dependent gene expression by dermal fibroblasts, as shown by Pam 3 CysSK 4 treatment of fibroblasts expressing SEAP under the control of NF-кB ( Figure 5C ). Instead, Pam 3 CysSK 4 was able to potentiate CD4 + T cell-dependent NF-кB activation in dermal fibroblasts ( Figure 5C ). NF-кB reporter fibroblasts were also used for skin model construction to follow NF-кB-dependent gene expression during C. albicans infection. Candida albicans alone was an inefficient stimulus, whereas in the presence of CD4 + T cells, fungal invasion resulted in a strong response of NF-кB reporter gene expression ( Figure 5D ). Together these results show that activation of dermal fibroblasts during C. albicans invasion requires signal transduction by TLR2 in combination with a second, CD4 + T cell-derived signal.
CD4 + T Cell Mediated Cleavage of Pro-Interleukin 1β
NF-кB may further be activated in an Irak-4-dependent manner by the proinflammatory interleukin IL-1β. Using reporter gene assays, we could see that IL-1β was able to activate NF-кB-dependent SEAP expression in dermal fibroblasts ( Figure 6A) . Moreover, addition of IL-1β to 3D skin models significantly reduced dermal C. albicans invasion in a manner similar to CD4 + T cells ( Figure 6B ). Interleukin 1β was already induced during skin model invasion in the absence of T cells, as seen by RNA sequencing ( Figure 6C) . By Western blot, however, we could see that only inactive pro-IL-1β was expressed in . C, Reporter gene assay for NF-кB activation in fibroblasts. S1F fibroblasts expressing secreted alkaline phosphatase (S1F-SEAP) under the control of an NF-кB promoter were treated with 250 ng/mL of the synthetic TLR2 agonist Pam 3 CysSK 4 , 10 5 CD4 + T cells, or a combination of both for 24 hours, and SEAP activity was measured in the supernatant. Bars show the average and standard deviation of SEAP activity of triplicate samples from a representative experiment out of 3. D, SEAP activity measured in the supernatants of skin models containing S1F-SEAP with or without CD4 + T cells and C. albicans infection. The average and standard deviation of 3 skin models per group are shown. Significant differences (2-tailed student t test) in C and D: * (P < .05) and *** (P < .001). Abbreviations: n.s., not significant; SEAP, secreted alkaline phosphatase.
fibroblasts in the presence of C. albicans alone; active cleaved IL-1β was not detected in the cells by Western blot as a band at 17 kDa, and secreted IL-1β was not found in the supernatant by ELISA ( Figure 6D and Figure 7A ). Interleukin 1β expression is known to be induced in response to TLR activation [39] , but for proteolytic cleavage by caspase-1, additional activation of the inflammasome through a danger signal such as membrane damage is required [39, 40] . During C. albicans infection of skin models, neither the conventional nor the nonconventional NLRP3 inflammasome or alternative inflammasome components were upregulated, even in the presence of CD4 + T cells ( Figure 7B; Supplementary Figure 3E) . Moreover, by immunostaining ASC could be detected in keratinocytes, predominantly in the apical part of the epidermis, but not in dermal fibroblasts under these conditions ( Figure 7C) . Nevertheless, the presence of T cells promoted induction and activation of caspase-1 ( Figure 7B and 7D) as well as secretion of IL-1β during infection by dermal fibroblasts ( Figure 7A ). In conclusion, C. albicans dermal invasion alone is insufficient to promote inflammasome-dependent IL-1β processing and full activation of IL-1β-dependent transcriptional changes through NF-кB. However, in the presence of CD4 + T cells, IL-1β induced in response to C. albicans is cleaved and secreted. This results in full activation of fibroblasts and reprogramming toward an antimicrobial phenotype (Supplementary Figure 4) .
DISCUSSION
In this study we used a CD4 + T cell-supplemented human skin model to identify intercellular communication mechanisms that result in dermal protection against C. albicans invasion. This in vitro cell-culture model is structurally similar to natural human skin, containing a stratified and cornified epidermis and Figure 6 . Role of interleukin 1β (IL-1β) in dermal protection against Candida albicans invasion. A, S1F fibroblasts expressing secreted alkaline phosphatase (S1F-SEAP) cells were treated with 200 pg/mL IL-1β for 48 hours, and SEAP activity was measured in the supernatant. Bars show the average and standard deviation of SEAP activity of 6 samples from 1 representative experiment out of 3. Significant differences (2-tailed student t test): *** (P < .001). B, Depth of dermal C. albicans invasion 48 hours after infection of skin models treated with 200 pg/mL of IL-1β. Significant differences (2-tailed Wilcoxon-Mann-Whitney U test): *** (P < .001). C, Interleukin 1β expression levels in fibroblasts from skin models under different conditions as determined by RNA sequencing. Significant gene expression changes: *** (FDR < 0.001). D, Pro-IL-1β expression in uninfected or infected S1F fibroblasts 48 hours after infection as determined by Western blot of cell lysates. Actin was used as a loading control. Abbreviations: C. albicans, Candida albicans; FDR, false discovery rate; IL-1β, interleukin 1β; Inf, infected; RPKM, reads per kilobase per million mapped reads; SEAP, secreted alkaline phosphatase; T, T cell; UI, uninfected. a dermal compartment with fibroblasts embedded in collagenous extracellular matrix. Moreover, gene expression patterns of various epidermal differentiation markers are identical to natural skin, and general expression profiles of keratinocytes and dermal fibroblasts resemble previously described expression profiles of these skin cell types. Nevertheless, various skin structures, including hair follicles, sweat glands, and blood vessels, as well as diverse cell types, such as melanocytes, neuronal cells, and Langerhans cells, among others, are not present in this model. We aim to add some of these components in the future. Several cell types, including neutrophils, Th17 cells, γδ T cells, and epithelial cells themselves, are already known to be involved in epithelial protection against fungal invasion [2, [6] [7] [8] [9] . The reduced system, which contained only keratinocytes, fibroblasts, and CD4 + T cells that can be manipulated and analyzed separately, allowed us to identify additional routes of communication between a minimal set of cells and C. albicans that result in subepithelial, dermal protection against fungal invasion.
We found that TLR2 expression and activation in fibroblasts is required but not sufficient for protection. In keratinocytes, it was shown that TLR2 signaling, induced by C. albicans-derived phospholipomannan, is sufficient to trigger an antimicrobial response [9] . In dermal fibroblasts, we found in contrast that a second signal, which induces secretion of cleaved IL-1β by these cells, is also necessary. Interleukin 1β expression was induced in dermal fibroblasts upon infection. It was, however, secreted only in the presence of CD4 + T cells. Notably, ASC was not detected by immunostaining in fibroblasts, and by expressional profiling we did not observe induction of inflammasome-related genes that could explain caspase-1 activation and subsequent proteolytic cleavage and release of IL-1β. Caspase-1 may therefore be activated by an alternative mechanism-for example, through TNF-α signaling, as recently shown in adipocytes [41] , or by Bars represent the mean and standard deviation of 3 independent tissue models. Significant differences (2-tailed student t test) in A and D: * (P < .05) and *** (P < .001). Abbreviations: ASC, apoptosis-associated speck-like protein containing CARD; C. albicans, Candida albicans; FDR, false discovery rate; IL-1β, interleukin 1β; Inf, infected; RPKM, reads per kilobase per million mapped reads; T, T cell.
the interferon-inducible GBP2, as demonstrated in the context of bacterial infection [32, 42] . Interestingly, GBP2 is among the significantly upregulated genes in fibroblasts during C. albicans infection in the presence of CD4 + T cells.
We have also tested for a role of IL-17 or IL-22 in CD4 + T cell-dependent dermal protection of skin models by addition of recombinant proteins or an IL-17RA blocking antibody. Because we did not see a decisive influence on dermal protection of this in vitro, we conclude that these cytokines, which play a critical role in first-line epithelial defense, are not primarily responsible for the protection of the subepithelial compartment, as has been reviewed earlier [2] . Deciphering the T cell-derived signal that results in IL-1β secretion by fibroblasts and the stimulation of an antimicrobial response will be a focus in the future.
The expression pattern of the fibroblast-derived antimicrobial response was remarkably broad, indicating that it may act against diverse classes of pathogens. In this line, induction of antiviral genes in dermal fibroblasts was found recently during infection with Zikavirus, Chikunguniavirus, and West Nile virus [43] [44] [45] .
Besides the direct antimicrobial response, we could also observe upregulation of functions, such as antigen presentation and chemotaxis of diverse cell types in fibroblasts, in response to C. albicans and CD4 + T cells, indicating that these cells can shape the global immune response to the invading pathogen. Altogether the results presented here show that dermal fibroblasts may play a yet unappreciated central role in pathogen defense by integrating signals from the microenvironment in subepithelial tissue. This potentially opens new possibilities for host-targeted anti-infective therapies based on immunomodulation of fibroblasts.
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